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The cytokine tumor necrosis factor alpha (TNF-a) stimulates the NF-kB, SAPK/JNK, and p38 mitogen-
activated protein (MAP) kinase pathways by recruiting RIP1 and TRAF2 proteins to the tumor necrosis factor
receptor 1 (TNFR1). Genetic studies have revealed that RIP1 links the TNFR1 to the IkB kinase (IKK)
complex, whereas TRAF2 couples the TNFR1 to the SAPK/JNK cascade. In transfection studies, RIP1 and
TRAF2 stimulate p38 MAP kinase activation, and dominant-negative forms of RIP1 and TRAF2 inhibit
TNF-a-induced p38 MAP kinase activation. We found TNF-a-induced p38 MAP kinase activation and inter-
leukin-6 (IL-6) production impaired in ripl ~/~ murine embryonic fibroblasts (MEF) but unaffected in traf2 =/~
MEF. Yet, both ripl '~ and traf2~'~ MEF exhibit a normal p38 MAP kinase response to inducers of osmotic
shock or IL-1a. Thus, RIP1 is a specific mediator of the p38 MAP kinase response to TNF-a. These studies
suggest that TNF-a-induced activation of p38 MAP kinase and SAPK/JNK pathways bifurcate at the level of
RIP1 and TRAF2. Moreover, endogenous RIP1 associates with the MAP kinase kinase kinase (MAP3K)
MEKKS3 in TNF-a-treated cells, and decreased TNF-a-induced p38 MAP kinase activation is observed in
Mekk3~'~ cells. Taken together, these studies suggest a mechanism whereby RIP1 may mediate the p38 MAP
kinase response to TNF-«, by recruiting the MAP3K MEKK3.

Mitogen-activated protein kinase (MAPK) signal transduc-
tion pathways have been implicated in many physiological pro-
cesses including growth, differentiation, cell death, and survival
(reviewed in reference 13). The MAPK pathways employ a
central three-tiered module of protein kinases, characterized
by a MAPK kinase kinase (MAP3K) and a dual-specificity
MAPK kinase (MAP2K). The MKKK phosphorylates and ac-
tivates the MKK, which then activates the MAPK. The mam-
malian p38 MAPK family consists of at least four homologous
proteins, p38a, -B, -, and -3 (19, 42). p38 MAPK is activated
by at least two MAP2Ks, MKK3 and MKKG6 (8, 35). Numerous
MAP3Ks have been shown to activate MKK3-MKK6, and
these include transforming growth factor 8 (TGF-p)-activating
kinase 1 (TAK1) (22, 49), apoptosis signal-regulating kinase 1
(ASK1) (18), SPRK (31, 45), p21-activated kinase (PAK) (3),
and MEKK3 (7). The activation of p38 MAPK through cellular
stress or receptor activation results in the phosphorylation of a
diverse array of substrates, suggesting that p38 MAPK contrib-
utes to many different biological processes. p38 MAPKs phos-
phorylate and activate the MAPK-activated protein (MAP-
KAP) kinases 2 and 3, which phosphorylate a small heat shock
protein (hsp27) (36). Other p38 MAPK substrates include the
transcription factors ATF2 (34, 35), Elkl (52), Chop (50),
MEF2C (14, 27), and SAP-1 (32, 52).
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The pyridinylimidazole compounds such as SB203580 were
prepared as anti-inflammatory agents that were subsequently
found to inhibit the catalytic activity of p38 MAPK by binding
in the ATP pocket (47, 53, 59). The p38 MAPK inhibitors are
effective in several murine tumor necrosis factor alpha (TNF-
a)-mediated disease models including those that induce in-
flammation, arthritis, septic shock, and myocardial injury.
Studies using the p38 inhibitors indicate that these compounds
regulate cytokine translation (24, 25, 33). Targeted disruption
of components of the p38 MAPK pathway has confirmed and
extended the inhibitor studies (23, 54). For example, mice
deficient in MAPKAP-2, a p38 downstream kinase, have been
shown to be resistant to endotoxic shock induced by lipopoly-
saccharide (LPS). The resistance appears to be due to a re-
duction in TNF-«a translation and not to occur at the level of
TNF mRNA stability or TNF-a secretion (23).

The proinflammatory cytokine TNF-a is a major mediator of
apoptosis as well as inflammation and immunity. It has also
been implicated in the pathogenesis of several human diseases
including inflammatory bowel disease, arthritis, sepsis, diabe-
tes, and cancer (reviewed in reference 12). TNF-« activates the
transcription factors NF-kB and AP-1 and exerts its effects by
binding to two receptors, the tumor necrosis factor receptor
type 1 (TNFR1 or p55) and TNFR2 (or p75) (40, 51). Ligand
binding displaces the inhibitory protein silencer of death do-
mains (SODD) (20) and induces aggregation of the intracel-
lular death domains and the subsequent recruitment of key
adapter proteins. These adapter proteins include the TNFR-
associated death domain protein (TRADD), the TNFR-asso-
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ciated factor 2 (TRAF2), and the death domain serine/threo-
nine kinase RIP1 (15-17, 28). Overexpression of either RIP1
or TRAF2 results in SAPK/INK, p38 MAPK, and NF-kB ac-
tivation, suggesting that RIP1 and TRAF2 mediate these path-
ways (6, 16, 17, 46, 60). Genetic analysis in mice has revealed
that the TNFR-associated adapter proteins, TRAF2 and RIP1,
mediate discrete signaling pathways. RIP1 links the TNFR1 to
the IkB kinase (IKK) complex whereas TRAF2 couples the
TNFRI1 to the SAPK/INK cascade (21, 58).

To address the contribution of RIP1 and TRAF?2 proteins to
the TNF-a-induced p38 MAPK pathway, we examined p38
MAPK activity in ripl-deficient and fraf2-deficient cells. Our
study reveals an additional regulatory role for RIP1 in the
TNF-a-induced p38 MAPK response and in TNF-a-induced
interleukin-6 (IL-6) production. Importantly, this study also
suggests that the TNF-a-induced p38 MAPK and SAPK/INK
pathways are independently regulated at the level of RIP1 and
TRAF?2, respectively.

MATERIALS AND METHODS

Preparation of MEF. Targeted disruptions of the ripl, traf2, and Mekk3 loci
have been described in detail elsewhere (21, 56, 58). Embryonic day 14 wild-type,
ripl*'~, and ripl /= embryos were equilibrated in trypsin overnight at 4°C.
Trypsin was activated by incubation at 37°C for 15 min. The embryos were then
dissociated in Dulbecco’s modified Eagle’s medium (BioWhittaker) containing
10% fetal calf serum. Murine embryonic fibroblasts (MEF) were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum
(HyClone), 1% penicillin-streptomycin, and 1% vL-glutamine (Gibco). Experi-
ments were performed on cells between passage 2 and passage 5. Immortalized
wild-type and ripl /= 3T3 cell lines were prepared according to established
protocols. traf2~'~ MEF were provided by Wen-chen Yeh (Ontario Cancer
Institute, Ontario, Calif.) and cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum (HyClone). Two wild-type and three
Mekk3~'~ MEF lines were prepared by Bing Su (M. D. Anderson Cancer
Center, Houston, Tex.).

Plasmids and constructs. MEKK3-specific primers (5'-GCC CTC GAG ATG
GAT GAA CAA GAG GCA TTA GAC TCG-3' and 5'-GAT GGT ACC TCA
GTA CAC TAG CTG TGC AAA GTG G-3') were used in a PCR to generate
full-length MEKK3 cDNA by using first-strand cDNA generated from polyade-
nylated mouse spleen RNA. The 1.8-kb PCR fragment was cloned and se-
quenced. Mouse MEKK3 was epitope tagged at the NH, terminus with a hem-
agglutinin (HA) tag sequence by a PCR strategy. For inserting the NH,-terminal
epitope tag in MEKK3, sense oligonucleotide was synthesized with a Kpnl
restriction site, a methionine codon (ATG), 27 bases coding for the HA epitope,
and 24 bases of MEKK3 sequence. The sense oligonucleotide was 5'-GCC GGT
ACC GCC ACC ATG TAC CCA TAC GAC GTA CCT GAT TAC GCA GAT
GAA CAA GAG GCA TTA GAC TCG-3'. The antisense oligonucleotide was
5'-GGG CTC GAG TCA GTA CAC TAG CTG TGC AAA G-3', encoding a
Xhol site. The PCR product was purified and cloned into pcDNA3. The full-
length RIP-myc, AKIN-myc, and ADD-myc constructs and RIP-KD have been
described previously (41, 46). MEKKI1-HA, ASK1-HA, MEKK2-HA, and
Tpl2-HA constructs were provided by Gary Johnson, H. Ichijo, Richard Vail-
lancourt, and Philip Tsichlis, respectively.

In vitro kinase assay. Wild-type, ripI =/~ or traf2~/~ cells were plated at 10°
cells/10-cm plate. The cells were left untreated or treated with 10 ng of TNF-o/ml
or 10 ng of IL-1a/ml or with increasing concentrations of sorbitol (100, 200, or
400 mM) for the time periods indicated. Cells were washed once with cold
phosphate-buffered saline, and an in vitro kinase assay was performed as de-
scribed previously (29).

IL-6 production assays. Wild-type, ripl /=, or traf2~/~ cells were plated at 3
% 10* cells/well on 24-well plates. The cells were left untreated or treated with 10
ng of TNF-a/ml for 20 h. The supernatants were collected, and the levels of IL-6
produced from each cell line were assayed with the OptEIA mouse IL-6 enzyme-
linked immunosorbent assay (ELISA) kit (PharMingen). RNase protection as-
says of total RNA isolated from wild-type and rip] '~ MEF were performed
using the Riboquant kit (PharMingen).

Coimmunoprecipitation and Western blot analysis. For all transfection stud-
ies, 293T cells were plated at 3 X 10° cells/plate on six-well plates. To determine
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the specificity of RIP1-MEKK3 interactions, 293T cells were transfected with
HA-ASK1, HA-MEKK3, HA-MEKK1, HA-MEKK2, and HA-Tpl2 by using
Fugene 6 (Roche). The transfected cells were lysed in 0.5 ml of E1A buffer (50
mM HEPES [pH 7.6], 250 mM NaCl, 0.1% NP-40, 5 mM EDTA), immunopre-
cipitated with anti-RIP antibody (Ab; PharMingen), and immunoblotted with
anti-HA Ab. Expression of transfected constructs was confirmed by immuno-
blotting with an anti-HA Ab. To map the RIP1-MEKK3 interaction, 293T cells
were transfected with FLAG-MEKK3 and RIP deletion constructs by using
Fugene 6 (Roche). The transfected cells were lysed in E1A lysis buffer (50 mM
HEPES [pH 7.6], 250 mM NacCl, 0.1% NP-40, 5 mM EDTA), the lysates were
immunoprecipitated with anti-MYC Ab, and the associated MEKK3 proteins
were detected by immunoblotting with anti-FLAG Ab. Expression of the
MEKK3-FLAG and various RIP-MYC deletion constructs was determined by
immunoblotting with anti-FLAG or anti-MYC Abs, respectively. To examine
whether the endogenous RIP1 and MEKKS3 proteins interact and whether the
interaction is TNF-a dependent, three 10-cm-diameter plates of 293T cells were
left untreated or treated with 100 ng of human TNF-a/ml for the time periods
indicated. Cells were lysed in 20 mM Tris (pH 7.5)-150 mM NaCl-1% Triton-1
mM EDTA-30 mM NaF-2 mM sodium pyrophosphate-10 pg of aprotinin/
ml-10 pg of leupeptin/ml and immunoprecipitated with anti-MEKK3 Ab. The
immune complexes were fractionated by gel electrophoresis and transferred to
an Immobilon P membrane (Millipore). RIP1 proteins were detected by immu-
noblotting with an anti-RIP Ab (PharMingen). To determine relative expression
levels of p38a MAPK, wild-type, ripl ', traf2~'~, or Mekk3 '~ MEF were lysed
in cell lysis buffer and 30 pg of total protein was immunoblotted with anti-p38a
Ab (Santa Cruz). To determine p38a MAPK activity, 30 g of total protein was
immunoblotted with an anti-phospho-p38 Ab (Cell Signaling Technology).

RESULTS

RIP1 participates in TNF-a-induced p38 MAPK activation.
To examine the role of the death domain kinase RIP1 in
TNF-a-induced p38 MAPK activation, we treated wild-type
and rip] ~/~ MEF with TNF-a and performed a p38« immune
complex kinase assay. In wild-type cells, we observed an in-
crease in p38 MAPK activity in response to TNF-a. However,
we failed to observe any TNF-a-induced p38 MAPK activity in
the TNF-a-treated ripl '~ cells (Fig. 1A). Similar results were
obtained when TNF-a-treated ripl ~/~ lysates were probed
with an anti-phospho-p38 Ab (data not shown). Failure to
activate p38 MAPK was not due to down regulation of the
p38a isoform in ripl =/~ cells, as wild-type and ripl '~ cells
expressed similar amounts of p38a. In contrast to the TNF-a
response, ripl ~’~ cells exhibit normal IL-1a-induced and sor-
bitol-induced p38a MAPK activation (data not shown). These
studies suggest that RIP1 is a specific mediator of the p38a
MAPK response to TNF-a.

p38 MAPK activation in fraf2~/~ cells. The death domain
kinase RIP1 interacts with TRAF2, and together these pro-
teins mediate signals from the activated TNFR1. Moreover,
expression of a dominant-negative form of TRAF2 inhibits
TNF-a-induced p38 MAPK activity in 293T cells (60). Hence,
we reasoned that the p38 MAPK response to TNF-a may also
be affected in traf2~/~ cells. To test this possibility, two im-
mortalized traf2 '~ cell lines (A7 and A4) and three primary
traf2~'~ MEF lines were examined for their ability to respond
to TNF-a. In contrast to rip-deficient cells, MEF from traf2 /'~
mice exhibit normal TNF-a-induced p38 MAPK activation
(Fig. 2A). traf2-deficient cells also exhibit a normal p38 MAPK
response to treatment with IL-1a or to osmotic shock induced
by sorbitol treatment by either immune complex kinase assays
or by immunoblotting with a phosphospecific p38 MAPK Ab
(Fig. 2B and C). No significant differences in the p38 MAPK
responses to TNF-a were observed between wild-type and
traf2~'~ cells examined. This study suggests that TRAF2 is not
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FIG. 1. TNF-a-induced p38 MAPK activity is impaired in ripl '~
cells. (A) Wild-type and rip~/~ MEF were grown to confluence on
10-cm-diameter plates and treated with 10 ng of murine TNF-o/ml for
0, 10, 30, and 60 min. Cells were subsequently lysed and immunopre-
cipitated with anti-p38a Ab (a gift from R. Davis), and the kinase
activity of p38 MAPK was measured by an in vitro kinase assay with
GST-ATF?2 as substrate. The p38a level in each cell type was deter-
mined by immunoblotting with anti-p38a (Santa Cruz). (B) Normal
IL-1a-induced p38 MAPK activity in rip /'~ cells. Wild-type and rip ™/~
MEF were treated with 10 ng of IL-1a/ml for various times (0, 10, 30,
and 60 min), and the p38 MAPK activity was measured by immuno-
blotting with an anti-phospho-p38 Ab (Cell Signaling Technology cat-
alog no. 9211S). (C) Normal sorbitol-induced p38 MAPK activity in
rip~'~ cells. Wild-type and rip~/~ MEF were treated with 0, 100, 200,
and 400 mM sorbitol for 15 min, and the kinase activity of p38 was
measured by in vitro kinase assay with GST-ATF2 as substrate.

required to mediate TNF-a-stimulated p38 MAPK activation
in MEF. Alternatively, other TNF-a-responsive TRAF family
members may substitute for the #raf2 deficiency.

Decreased TNF-a-induced IL-6 production in ripl '~ cells.
The NF-«kB and p38 MAPK pathways have been implicated in
stress-induced cytokine production (4, 25, 26, 39, 54, 62). We
therefore examined cytokine production in ripl '~ and
traf2~'~ MEF in response to TNF-a. Treatment of wild-type
cells with TNF-a resulted in increased production of IL-6,
whereas little to no TNF-a-induced IL-6 production was ob-
served in 7ipI =/~ cells (Fig. 3A). These data suggest that RIP1
kinase contributes to TNF-a-induced IL-6 production poten-
tially by regulating both the IKK and p38 MAPK activities.

In contrast, TNF-a-induced IL-6 production was observed in
traf2-deficient MEF. Surprisingly, high basal levels of IL-6
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FIG. 2. TNF-a-induced p38 MAPK activity is unaffected in traf2 =/~
cells. (A) Wild-type and traf2~/~ MEF were grown to confluence on
10-cm-diameter plates and treated with 10 ng of TNF-a/ml for 0, 10,
30, and 60 min. Cells were lysed and immunoprecipitated with anti-
p38a Ab (a gift from R. Davis), and the kinase activity of p38 MAPK
was measured by an in vitro kinase assay using GST-ATF2 as substrate.
The p38a level in each cell type was determined by immunoblotting
with anti-p38a (Santa Cruz). (B) IL-1a-induced p38 MAPK activity is
unaffected in traf2 =/~ cells. Wild-type and traf2~'~ MEF were treated
with 10 ng of IL-1a/ml and measured for p38 activity with anti-phos-
pho-p38 Ab. (C) Sorbitol-induced p38 MAPK activity is unaffected in
traf2~'~ cells. Wild-type and traf2~'~ MEF were also treated with 0,
100, 200, and 400 mM sorbitol for 15 min, and p38 MAPK activity was
measured by an in vitro kinase assay with GST-ATF2 as substrate.
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were detected in the traf2 ™/~ cells, which may reflect the fact
that traf2 deficiency results in increased levels of TNF-a
mRNA and circulating TNF-a (30). Yet, consistent with the
p38 MAPK activity, treatment of traf2~/~ cells with TNF-a
stimulated IL-6 production above basal levels to approximately
1,200 pg of culture supernatant/ml (Fig. 3B). Therefore, TNF-
a-induced IL-6 production does not appear to require the
adapter protein TRAF2.

TNF-a-induced IL-6 expression may be regulated at several
levels including increased IL-6 mRNA expression and in-
creased IL-6 mRNA translation (4, 25, 26, 39, 54, 62). The
defect in TNF-a-induced IL-6 production in the rip '~ MEF
may result from alterations in either or both of these processes.
To examine the mechanism whereby IL-6 production is im-
paired in 7ip] '~ MEF, we examined the ability of TNF-a to
induce IL-6 mRNA expression by an RNase protection assay.
Control experiments demonstrated that equal amounts of glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA
were detected in wild-type and ripl '~ MEF and that TNF-a
treatment did not affect GAPDH mRNA levels (data not
shown). Treatment of wild-type MEF with TNF-a increased
the amount of IL-6 mRNA, whereas ripI ~/~ MEF were defec-
tive in the TNF-a-stimulated accumulation of IL-6 mRNA
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(Fig. 3C). Together, these data indicate that impaired cytokine
production in rip/ '~ MEF may reflect in part the failure of
TNF-« to induce expression of IL-6 mRNA. However, in wild-
type MEF, TNF-a stimulates a twofold induction of IL-6
mRNA, yet five- to eightfold increases in IL-6 protein are
observed in the supernatants of TNF-a-treated MEF. Thus, it
seems likely that TNF-a-induced synthesis of IL-6 involves
both a transcriptional and a posttranscriptional mechanism(s).

The defect(s) in TNF-a-induced IL-6 production observed
in ripl '~ MEF may reflect differences in MEF populations or
the presence of additional mutations that affect the p38 MAPK
pathway. To rule out this possibility, we infected ripl '~ MEF
with MSCV2.2-IRES-GFP retrovirus that expresses RIP1 or
with MSCV2.2-IRES-GFP retrovirus vector alone. Wild-type,
ripl ~'~, and ripl '~ MEF infected with vector alone or with
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FIG. 3. Decreased TNF-a-induced IL-6 production in ripI ~/~ cells.
(A) Wild-type and ripl '~ MEF were plated at 3 X 10* cells per well
on 24-well plates and left untreated or treated with 10 ng of TNF-o/ml
for 24 h. The supernatants were then analyzed for IL-6 levels with the
OptEIA mouse IL-6 ELISA kit (PharMingen catalog no. 2653KI).
(B) TNF-a-induced IL-6 production in traf2~/~ cells. Wild-type and
traf2”'~ cells were plated on 24-well plates at 3 X 10* cells per well and
left untreated or treated with 10 ng of TNF-a/ml for 24 h. The super-
natants were then analyzed for IL-6 levels with the OptEIA mouse
IL-6 ELISA kit. The amount of IL-6 is presented as the mean =
standard deviation of triplicate observations. Similar data were ob-
tained in six independent experiments with six independent rip~/~
MEF lines and five raf2~/~ MEF lines. (C) Decreased TNF-a-induced
IL-6 mRNA in ripl '~ MEF. Wild-type and ripl /= MEF were left
untreated or treated with TNF-a (10 ng/ml) for 2 and 24 h. The
amount of IL-6 mRNA and GAPDH mRNA was measured by RNase
protection assay. The protected RNA was detected by autoradiography
after denaturing polyacrylamide gel electrophoresis and was quanti-
tated by PhosphorImager analysis. For clarity, exposure time varied for
autoradiography for IL-6 and GAPDH mRNAs. Similar data were
obtained in three separate experiments. (D) TNF-a-induced p38
MAPK activation in ripl~’~ MEF infected with RIP1 retrovirus.
rip] =/~ MEF were infected with vector alone (MSCV) or with a RIP1
retrovirus [ripl '~ (rip1)]. Wild-type, ripl /", ripI ™/~ (MSCV), and
ripl '~ (ripl) cells were left untreated or stimulated with TNF-a for
the time periods indicated, and p38 MAPK activity was measured by
immunoblotting with an anti-phospho-p38 Ab. The RIP1 and p38a
expression was determined by immunoblotting with anti-RIP and anti-
p38a Abs. The percentage of green fluorescent protein-positive cells in
the infected populations was determined by flow cytometry. Results
from one of three independent infection experiments are shown.
(E) TNF-a-induced IL-6 production is increased in ripl '~ MEF in-
fected with a RIP1 retrovirus. Wild-type, ripl ~/~, and ripl /= MEF
infected with vector (MSCV) or with a RIP1 retrovirus [ripl ~/~ (ripI)]
were plated at 3 X 10* cells per well on 24-well plates and left un-
treated or treated with 10 ng of TNF-a/ml for 24 h. The supernatants
were then analyzed for IL-6 levels with the OptEIA mouse IL-6 ELISA
kit. The amount of IL-6 is presented as the mean * standard deviation
of triplicate observations.

RIP1 retrovirus were left untreated or treated with murine
TNF-«a for 10, 30, and 60 min. To detect TNF-a-induced p38
MAPK activity, cell lysates were probed with a phosphospecific
p38 MAPK Ab. TNF-induced p38 MAPK activity was ob-
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served in treated wild-type MEF and in rip] '~ MEF infected
with the RIP1 retrovirus [ripl ~'~ (ripl), Fig. 3D]. Moreover,
TNF-a-induced IL-6 production was also restored in the in-
fected ripl /= (ripI) MEF (Fig. 3E). Taken together, these
experiments suggest that the defect in TNF-a-induced p38
MAPK activation and IL-6 production observed in ripl /'~
MEEF is due to an absence of RIP1.

RIP1 interacts with p38 MAP3K MEKKS3. The death do-
main kinase RIP1 associates with a MAP3K activity in vivo,
which activates MKK6 and p38 MAPK in an in vitro kinase
assay (60). The p38 MAPKs can be regulated by a variety of
MAP3Ks including ASK1, MEKK2, MEKK3, and Tpl2,
whereas MEKKI1 preferentially activates the SAPK/JNK path-
way (7, 18, 37, 60). ASK1 is activated in response to TNF-a,
and expression of a kinase-inactive ASK1 inhibits TNF-a-in-
duced cell death (18). The MAP3K MEKK3 activates the p38
MAPK, SAPK/JNK, and NF-«kB pathways by an as yet unde-
fined mechanism(s) (5, 7, 11, 63).

To investigate whether RIP1 contributes to TNF-a-induced
p38 MAPK activation by recruiting a MAP3K, we transfected
293T cells with HA-tagged ASK1, MEKK3, MEKK2, MEKK1,
or Tpl2. Although equivalent expression levels were achieved,
we were unable to demonstrate interaction between RIP1 and
MEKKI1, MEKK?2, or ASK1, suggesting that TNF-a-induced
p38 MAPK activation involves the recruitment of another
TNF-a-responsive p38 MAPK. We did, however, observe in-
teraction between endogenous RIP1 and transfected MEKK3
and Tpl2 (Fig. 4A). Both the RIP1-MEKK3 and RIP1-Tpl2
interactions were stable throughout washes in lysis buffer con-
taining 1 M NaCl, suggesting that both interactions may be
specific. Although clearly implicated in LPS-induced extracel-
lular signal-regulated kinase (ERK) activation, TNF-a-in-
duced p38 MAPK activation is not affected in #pl2-deficient
cells (10; P. Tsichlis, personal communication), suggesting to
us that RIP1 may mediate p38 MAPK activation by recruiting
MEKK3.

To further examine how RIP1 interacts with MEKK3, we
expressed a FLAG-tagged MEKK3 and various MYC-tagged
RIP1 constructs in 293T cells (Fig. 4B). Transfected cells were
immunoprecipitated with an anti-MYC Ab, and MEKK3 was
detected by immunoblotting with an anti-FLAG Ab. We ob-
served interaction between MEKK3 and full-length RIP1 and
expression constructs which expressed primarily the RIP1 ki-
nase domain and part of the intermediate domain (Fig. 4C). In
contrast, deletion of part of the kinase and intermediate re-
gions (A132-322 amino acids) eliminated association with
MEKK3. Expression of the intermediate domain without the
kinase domain was also capable of resulting in binding to
MEKK3. Taken together, these studies suggest that MEKK3
interacts with both the kinase and intermediate regions of
RIP1.

To determine whether the kinase activity of RIP1 was re-
quired for interaction with MEKKS3, we transfected cells with
MEKK3 and kinase-inactive versions of RIP1 (RIP1D138N
and RIP1K45R). The RIP1-MEKK3 interaction was ob-
served when kinase-active versions of RIP1 were expressed
(Fig. 4D). Kinase-inactive versions of RIP1 (RIP1K45R and
RIP1ID138N) failed to form stable associations with MEKK3,
although similar levels of expression were achieved. These studies
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suggest that the kinase activity of RIP1 may be important for the
stable interaction and potential activation of MEKK3.

Thus, RIP1 may mediate TNF-a-induced p38 MAPK acti-
vation by recruiting MEKK3 to the activated TNFR1. To de-
termine whether the endogenous RIP1 and MEKKS3 proteins
interact and whether this interaction is enhanced in TNF-a-
treated cells, we stimulated 293T cells with TNF-a for the time
periods indicated. MEKK3 was then immunoprecipitated with
an anti-MEKK3 Ab, and associated RIP1 proteins were de-
tected by immunoblotting. Interaction between the endoge-
nous RIP1 and MEKK3 proteins was stimulated in cells
treated with TNF-a for 10 min (Fig. 4E). Consistent with the
kinetics of TNF-a-induced p38 MAPK activation observed in
wild-type MEF (Fig. 1A), the RIP1I-MEKKS3 interaction is
enhanced at 10 min but returns to uninduced levels by 30 min.
Thus, TNF-a-induced p38 MAPK activation may involve the
RIP1-mediated recruitment of the MAP3K MEKK3.

To provide genetic evidence for a role for MEKK3 in the
TNF-a-induced p38 MAPK pathway, we examined p38 MAPK
activity in TNF-a-treated Mekk3 '~ MEF. We observed a two-
to fourfold decrease in the p38 MAPK response to TNF-« in
Mekk3~'~ MEF compared to wild-type cells, suggesting that
MEKK3 participates in the p38 MAPK response to TNF-a
(Fig. 4F). In contrast, no difference in p38 MAPK activity was
observed between control cells and Mekk3 ™'~ MEF exposed to
20 J of UV irradiation/m*. Although TNF-a-induced p38
MAPK activity was significantly decreased in the Mekk3 ™/~
cells at all time points examined, it was not completely abol-
ished. This study suggests that redundant factors exist that also
mediate the TNF-a-induced p38 MAPK pathway. Impaired
p38 MAPK responses to the cytokine TNF-a were observed in
Mekk3~'~ and rip] '~ MEF, thereby providing genetic evi-
dence of one mechanism whereby TNF-a stimulates p38
MAPK activity.

DISCUSSION

Previous studies of ripl-deficient and traf2-deficient cells
have revealed defects in the TNF-a-induced NF-kB and
SAPK/INK activation, respectively (9, 21, 46, 58). In this study,
we demonstrate further bifurcation of the TNF signal trans-
duction pathway at the level of RIP1 and TRAF2. In cells
deficient in RIP1 we observe an impaired TNF-a-induced p38
MAPK response and an inability to produce the cytokine IL-6
in response to TNF-a. In contrast, in traf2-deficient cells, TNF-
a-induced p38 MAPK activation is observed and the cytokine
IL-6 is produced in response to TNF-a. Although both RIP1
and TRAF?2 proteins are recruited to the activated TNFR1 and
are capable of activating p38 MAPK in transfected cells (60),
genetic analysis reveals distinct signaling functions for RIP1
and TRAF2. RIP1 plays a central role in TNF-induced NF-kB
activation (9, 21, 46), and herein we demonstrate an additional
function for the death domain kinase RIP1 in TNF-a-induced
p38 MAPK activation. In contrast, TRAF2 principally regu-
lates TNF-a-induced SAPK/JNK activation (28, 58) and does
not appear to play a major role in the p38 MAPK response to
TNF-a (this study).

The p38 MAPK and SAPK/JNK kinases are both activated
by environmental stresses such as UV radiation, osmotic
shock, and heat shock and by treatment with proinflammatory
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cytokines TNF-a and IL-1a (51). Moreover, expression of sev-
eral MAP3Ks stimulates both p38 MAPK and SAPK/JNK ac-
tivity, suggesting that these stress-induced kinase pathways
may be coregulated (18, 43, 45, 48, 55). Yet, our analysis of the
p38 MAPK response to TNF-a in ripI-deficient or traf2-defi-
cient cells reveals that the p38 MAPK and SAPK/JINK path-
ways may be independently regulated. In rip~/~ MEF, TNF-
a-induced SAPK/JNK activation is observed (20), whereas the
p38 MAPK response is impaired (this study). In contrast, JNK
activation is impaired in traf2-deficient MEF (58), and the p38
MAPK response to TNF-a appears unaffected (this study).

tagged kinase-inactive versions of RIP1 (RIP1D138N and RIP1K45R).
Cells were lysed and immunoprecipitated with anti-MYC Ab, and
MEKKS3 protein was detected by immunoblotting with an anti-FLAG
Ab. Expression levels of various constructs were determined by immu-
noblotting with anti-MYC and anti-FLAG Abs. (E) Endogenous
RIP1-MEKKS3 interaction is enhanced in TNF-a-stimulated cells.
293T cells were left untreated or treated with 100 ng of human TNF-
a/ml for the time periods indicated and then immunoprecipitated with
anti-MEKK3 Ab. RIP1 proteins were detected by immunoblotting
with anti-RIP Ab (PharMingen). (F) TNF-a-induced p38 MAPK ac-
tivation is impaired in Mekk3 ™/~ MEF. Two wild-type and three
Mekk3~'~ MEF lines were left untreated or stimulated with TNF-a for
the time periods indicated, and p38 MAPK activity was measured by
immunoblotting with an anti-phospho-p38 Ab. The RIP1 and p38a
expression was determined by immunoblotting with anti-RIP and anti-
p38a Abs.
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FIG. 5. Proposed model for JNK and p38 MAPK activation in
response to the cytokine TNF-a. TNF-a-induced JNK activation is
mediated by TRAF2-dependent recruitment of GCK-GCKR and sub-
sequent activation of the MAP3K MEKKI1 (6), whereas TNF-a-in-
duced p38 MAPK activation may be mediated by the RIP1-dependent
recruitment of the MAP3K MEKK3 and subsequent activation of
MKK3-MKK6. The precise mechanism(s) of RIP1-mediated activa-
tion of MEKK3 remains unclear.

The precise mechanism by which RIP1 mediates p38 MAPK
activation is unclear. In transfection studies, the kinase activity
of RIP1 does not appear to be required for TNF-a-induced
NF-kB activation or TNF-a-induced p38 MAPK activation
(46, 60). Consistent with this idea, RIP1 associates with an
endogenous MAP3K activity in vivo that is capable of activat-
ing MKK6 and p38 in vitro (60). Yet, the identity of the
RIP1-associated MAP3K is not known. Our studies suggest
that the kinase and intermediate domains of RIP1 interact with
the MAP3K MEKK3. We demonstrate that the association of
endogenous RIP1 and MEKK3 is enhanced in TNF-a-treated
cells and that the kinetics of association correlate with TNF-
a-induced p38 MAPK activity.

Thus, the kinase activity of RIP1 may contribute to TNF-a-
induced p38 MAPK activation by directly phosphorylating-
activating MEKK3. Consistent with this idea, TNF-a-induced
p38 MAPK activation is not restored when ripI ~/~ MEF are
infected with a kinase-inactive version of RIP1 (RIP1D138N)
(unpublished data). Alternatively, the kinase activity of RIP1
may be important in the recruitment of MEKK3 but may not
be required for its activation. Consistent with this idea, kinase-
inactive versions of RIP1 do not form stable associations with
MEKKS3 in transfected cells (Fig. 4D).

Support for the role of MEKK3 in the p38 MAPK pathway
comes from transfection studies and genetic analyses of these
kinases in mice (5, 7, 57). Mice deficient in mekk3 die at E11.5,
whereas targeted disruption of p38a results in embryonic le-
thality beginning at E10.5 and persisting for variable periods
depending on the genetic background (1, 2, 29, 44, 56). Both
the mekk3- and p38a-deficient mice exhibit angiogenic defects
in both the placenta and embryo, consistent with a regulatory
role for MEKK3 upstream of p38 MAPK (1, 29, 56). More-
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over, we find TNF-a-induced p38 MAPK activation impaired
in Mekk3~'~ MEF (Fig. 4F). Taking the evidence together, we
provide genetic evidence for roles for RIP1 and MEKK3 in the
TNF-induced p38 MAPK pathway. A previous study found
MEKKS3 to be required for TNF-a-induced NF-«B activation
(56). Thus, RIP1 may mediate both TNF-a-induced p38
MAPK and IKK-B activation by recruiting-activating the
MAP3K MEKK3.

Accumulating biochemical and genetic data suggest that
both the NF-«kB and the p38 MAPK pathways are required for
efficient induction of IL-6 by the proinflammatory cytokines
TNF and IL-1 (4, 47, 60). Because RIP1 has been previously
implicated in the regulation of the IKK (9, 21, 45) and herein
the p38 MAPK pathway, it is difficult to discern the relative
contribution of the NF-kB and p38 MAPK pathways to the
decreased IL-6 production in ripI /~ MEF. Both NF-kB and
p38 MAPK have been implicated in the transcriptional regu-
lation of the IL-6 gene, and studies with a p38 MAPK inhibitor,
SB203580, suggest that p38 MAPK may be required for tran-
scriptional induction of IL-6 by NF-«B (4, 26, 38, 53, 61). Thus,
the failure to produce IL-6 in response to TNF in ripl ~/~ MEF
most likely reflects defects in both the NF-kB and p38 MAPK
pathways.

The p38 MAPK regulates the activity of several transcription
factors; defects in the activity of one or more of these tran-
scription factors in ripI =/~ cells may contribute to the reduced
TNF-a-stimulated expression of IL-6. Further studies are re-
quired to identify the specific defect(s) in ripl '~ MEF.

The cytokine TNF-a and the p38 MAPK pathway are im-
portant mediators of the inflammatory process. The anti-in-
flammatory effects of the pyridinylimidazole derivatives
(SB203580) are the result of inhibition of the expression of
IL-1a, TNF-a, and IL-6 (23). We show that the death domain
kinase RIP1 is required in MEF for the specific activation of
the p38 MAPK pathway in response to TNF-a. Targeted dis-
ruption of the ripI gene prevents IL-6 production in response
to TNF-a, whereas traf2 deficiency has no apparent effect on
TNF-a-induced p38 MAPK activation or IL-6 production.
These data provide further genetic evidence that RIP1 and
TRAF2 have discrete functions in TNF-a signaling. In addi-
tion, we provide genetic evidence that MEKK3 participates in
the TNF-a-induced p38 MAPK pathway. Taken together,
these studies suggest that the death domain kinase RIP1 may
mediate TNF-a-induced p38 MAPK activation by recruiting
the MAP3K MEKK3 (Fig. 5). Finally RIP1 may represent a
novel target for anti-inflammatory drugs that would be highly
specific for inhibiting TNF-a-induced cytokine production.
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